The 480 species of leafy spurges, Euphorbia subgenus Esula, represent the main temperate radiation in the large genus Euphorbia. This group is distributed primarily in temperate Eurasia, but with smaller, disjunct centres of diversity in the mountains of the Old World tropics, in temperate southern Africa and in the New World. The majority of New World diversity (32 species) occurs in a single section, section Tithymalus. We analysed sequences of the nrITS and plastid ndhF, trnH-psbA, trnS-trnG and trnD-trnT regions to reconstruct the phylogeny of section Tithymalus and to examine the origins and diversification of the species native to the New World. Our results indicate that the New World species of section Tithymalus form a clade that is sister to the widespread, weedy E. peplus. The New World species fall into two primary groups: a 'northern annual clade' from eastern North America and a diverse clade of both annual and perennial species that is divided into three subgroups. Within the second group, there is a small 'southern annual clade' from Texas and northern Mexico, a perennial 'Brachycera clade' from the western United States and northern Mexico, and a perennial 'Esuliformis clade' from montane areas of Mexico, Guatemala, Honduras and the Caribbean island of Hispaniola. Ancestral state reconstructions indicate that the annual habit probably evolved in the ancestor of E. peplus and the New World clade, with a subsequent reversal to the perennial habit. In conjunction with this phylogenetic framework, the New World species of section Tithymalus are comprehensively reviewed.
INTRODUCTION
Recent molecular phylogenetic studies of Euphorbia L. (Euphorbiaceae) have greatly refined and improved our understanding of infrageneric relationships within this worldwide genus of c. 2000 species (Yang et al., 2012; Dorsey et al., 2013; Peirson et al., 2013; Riina et al., 2013) . A recent phylogenetic study using markers from all three plant genomes and with broad sampling across the genus (Horn et al., 2012) produced a well-supported backbone topology confirming that E. subgenus Esula Pers. is sister to the other three subgenera, with E. subgenus Athymalus Neck. ex Rchb. [the former E. subgenus Rhizanthium (Boiss.) Wheeler; see Peirson et al., 2013] sister in turn to E. subgenus Euphorbia and E. subgenus Chamaesyce Raf. The leafy spurges (subgenus Esula) comprise about 480 species in 21 sections and represent the largest radiation of the genus in temperate areas of the Old World . This major clade has a nearly worldwide distribution (although absent from Australia and Antarctica) and is most diverse in temperate Eurasia, particularly in the Mediterranean and the Irano-Turanian regions. The subgenus also occurs in Macaronesia, temperate southern Africa, the Arabian Peninsula, South-East Asia, Madagascar, Reunion, New Zealand and Samoa, and the New World. Species of leafy spurge native to the New World are distributed from Canada and the United States south to Honduras and on Hispaniola. There is also a single, native species of leafy spurge that occurs disjunctly in South America in central Chile.
Previous phylogenetic studies indicate that species of subgenus Esula native to the New World represent three different sections of the subgenus and resulted from four independent introductions from the Old World, most probably from Europe and the Mediterranean region . One introduction took place in the largely Atlantic maritime section Paralias Dumort., represented by E. trichotoma Kunth in the Caribbean. There were two separate introductions in section Helioscopia Dumort., one involving the Appalachian perennial E. purpurea (Raf.) Fernald and another involving the mainly annual E. alta Norton, E. spathulata Lam., E. texana Boiss. and, presumably, the disjunct E. philippiana (Klotzsch & Garcke) Boiss. from Chile. The majority of the New World diversity (32 species), however, occurs in a single section, E. section Tithymalus (Gaertn.) Roep. . Boissier (1862) placed most species of leafy spurges in E. section Tithymalus, but his concept of that large section also included species or subsections that have now been shown to belong to each of the other three subgenera of Euphorbia (Steinmann & Porter, 2002; Horn et al., 2012; Yang et al., 2012; Dorsey et al., 2013; Peirson et al., 2013) . Following the recent revision of subgenus Esula by Riina et al. (2013) , section Tithymalus has been redefined as the group encompassing its type species, E. peplus L. and closely related species from both the New and Old Worlds (Fig. 1) . The New World species of section Tithymalus possess welldeveloped leaves that lack stipules, cyathia that are arranged in cymose rays around a terminal cyathium, with the rays further divided into dichasial branches, four involucral glands that are entire, crenate or with horn-like (but never petaloid) appendages, smooth capsules and seeds that are usually pitted, sulcate or shallowly sculptured and always carunculate (Figs 2, 3) .
The New World species of section Tithymalus have not been treated in their entirety since the worldwide treatment of the genus by Boissier (1862) . Norton (1900) treated all species of subgenus Esula occurring north of Mexico and Johnston (1975) treated those occurring in the Chihuahuan Desert region of northern Mexico. Turner (2011a) 
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papillose-pubescent species of the E. longicornuta complex in northern Mexico and also included notes on two related species. Geltman et al. (2011) presented a synopsis of the species of subgenus Esula native to the United States and Canada, including typification and new synonymy. More recently, Mayfield (2013) reviewed the annual species of section Tithymalus and described four new species from the United States and Mexico. Lastly, Berry et al. (in press ) treated all native and naturalized species of Euphorbia occurring in Canada and the continental United States in the Flora of North America North of Mexico Euphorbiaceae treatment.
We focus here on the species of section Tithymalus that are native to the New World. Riina et al. (2013) included nine species in their molecular phylogenetic analyses (six New World and three Old World), with the remaining species assigned to the section according to morphological and geographical affinities. Given this scenario, our aims in this study were to test the monophyly of section Tithymalus more rigorously and reconstruct the evolutionary history of the species through phylogenetic analyses of nuclear ribosomal and plastid DNA regions, review the specieslevel taxonomy of the New World species in light of the phylogenetic framework and address broader questions concerning the diversification of the section.
MATERIAL AND METHODS

FIELDWORK AND HERBARIUM STUDIES
Fieldwork was conducted by the authors and their colleagues in parts of the Caribbean, the United States and northern Mexico. Specimens from the following herbaria were examined: ARIZ, BM, CIIDIR, DAV, FI, G, IEB, ISC, JBSD, K, MEXU, MICH, MO, MSC, NY, OXF, P, PH, TEX and US. Digital images of specimens and specimen data were accessed using online resources (e.g. Consortium of California Herbaria, Consortium of Pacific Northwest Herbaria, JSTOR Plant Science, NCU Flora of the South-eastern United States, RM Herbarium Specimen Database, Tropicos and Wisconsin Herbaria Plant Specimen Database). Exsiccatae examined for this study were georeferenced to produce the distribution maps and are all listed in supplementary Appendix S1. Distribution maps were created with ArcMap v. 10.0 (ESRI).
MOLECULAR SAMPLING
We sampled 31 species (81 accessions) in section Tithymalus, including multiple accessions of species in many cases. For outgroups, we included seven species from other sections of subgenus Esula (three species from the sister group, section Paralias, and four species from more distantly related clades). Voucher information and GenBank accession numbers for all sequences analysed in this study are listed in Appendix 1.
DNA EXTRACTION, AMPLIFICATION AND SEQUENCING
Genomic DNA was extracted from leaf tissue dried in silica-gel or from leaf fragments from herbarium specimens, using either a DNeasy Plant Mini Kit (Qiagen) or a modified CTAB extraction procedure (following Doyle & Doyle, 1987; Loockerman & Jansen, 1996) . For amplification of the nuclear ribosomal internal transcribed spacer (nrITS) region and plastid ndhF gene, we followed the protocols described in Yang & Berry (2011) and Riina et al. (2013) , respectively. For amplification of the three plastid DNA spacer regions we followed the protocol used for ndhF with the following primers: trnH-psbA (trnH-f and psbA-3f; Kress et al., 2005) , trnS-trnG [trnS (GCU) and trnG (UCC); Hamilton, 1999] and trnD-trnT (trnD [tRNA-ASP (GUC)] and trnT [tRNA-Thr (GCU)]; Demesure, Sodzi & Petit, 1995) . PCR products were purified using ExoSap-IT (USB Corp.) or a QIAquick PCR Purification Kit (Qiagen). Purified PCR products were sequenced using BigDye chemistry (Applied Biosystems) on an AB 3730xl capillary sequencer.
DATA ASSEMBLY AND PHYLOGENETIC ANALYSES
Chromatogram files were assembled and edited with Sequencher v. 4.10.1 (Gene Codes). Sequence alignments were performed with MAFFT v. 5 (Katoh et al., 2005) using the default parameters. Final alignments were refined using the Opalescent package in Mesquite v. 2.75 (Wheeler & Kececioglu, 2007; Maddison & Maddison, 2011) and adjusted manually, using a similarity criterion as described in Simmons (2004) . The number of parsimony-informative sites was esti- Plants and cyathial features of Euphorbia section Tithymalus: A and B, E. yaquiana, from Pima Co., Arizona; A, habit, B, dichasia and central cyathium showing crenate gland margins and pubescent foliage and cyathia; C and D, E. peplus, from Portugal; C, habit, D, cyathia with long-horned glands and capsule with winged ridges; E and F, E. creberrima, from Jalisco, Mexico; E, habit showing lax branching and narrow leaves, F, close-up of cyathia and pleiochasium; G, dichasia of E. brachycera, from Cochise Co., Arizona; H, cyathia of E. esuliformis, from Querétaro, Mexico; I and J, E. crenulata; I, habit on loose shale in Archuleta Co., Colorado; J, cyathia and partly fused subcyathial bracts of plant from Lassen Co., California; K, pleiochasium of E. commutata from Lewis Co., Tennessee; L, dichasia of E. ouachitana from Trousdale Co., Tennessee; M to O, E. austrotexana; M, close-up of cyathium of var. carrii (scale bar = 1 mm), N, fertile portion of plant of var. austrotexana (scale bar = 5 mm); O, entire plants of var. austrotexana (scale bar = 5 cm). Photograph credits: A-C, G, J: Paul Berry; D, Ricarda Riina; E-F, H, Victor Steinmann; I, K-O, Mark Mayfield. mated in PAUP* v. 4.0b.10 (Swofford, 2003) . Indels in the ndhF gene and plastid DNA spacer regions were scored using simple indel coding (SIC sensu Simmons & Ochoterena, 2000) with SeqState v. 1.4.1 (Müller, 2005) . Four datasets were analysed in the analyses described below: ITS, ndhF, plastid DNA spacer (consisting of the concatenated trnH-psbA, trnS-trnG and trnD-trnT spacer regions) and combined ITS + ndhF + plastid DNA spacer (with or without scored indels).
RAxML v. 7.2.6 (Stamatakis, 2006) was used to conduct maximum-likelihood (ML) phylogenetic analyses of the individual datasets (ITS, ndhF and plastid DNA spacer regions) and the combined ITS + ndhF + plastid DNA spacer dataset (without scored indels). The nucleotide substitution model was set to GTR + γ. We performed 500 ML rapid bootstrap (BS) replicates, followed by a thorough ML search for the best tree. Before concatenation, the trees from the individual analyses were inspected for areas of strongly supported incongruence. As there were no such instances of incongruence, the three individual datasets were concatenated into a single, combined matrix (using a total evidence approach sensu Kluge, 1989) . The combined dataset was partitioned into the ITS, ndhF and plastid DNA spacer regions. The ITS region was not further partitioned.
MrBayes v. 3.1.2 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) was used to conduct a Bayesian (BI) analysis of a combined ITS + ndhF + plastid DNA spacer dataset (with scored indels included), partitioning the dataset as above but with an additional partition for the SIC-scored indels. The nucleotide substitution model GTR + I + γ was applied to each of the three DNA partitions, as selected by Akaike's information criterion (AIC) in jModelTest v. 0.1.1 (Posada, 2008) , whereas a binary model was applied to the SIC-scored indel partition. Two independent runs of four chains each (three heated, one cold) were run for 10 million generations, starting from random trees, using the default temperature of 0.2 and sampling trees every 100 generations. The log likelihoods from the independent runs were inspected with Tracer v. 1.5 (Rambaut & Drummond, 2007) to verify that stationarity had been reached. The first 25 000 trees (25%) were discarded as burn-in, using the remaining 75 001 trees to compute the majority rule consensus tree.
ANCESTRAL STATE RECONSTRUCTION
Species of section Tithymalus were scored for lifehistory characteristics and were coded as either annual/biennial or perennial. Mesquite v. 2.75 (Maddison & Maddison, 2011) was used to perform a ML reconstruction of life-history evolution, implementing the Mk1 model of evolution (Lewis, 2001) and using default parameters. The Mk1 model of evolution is a k-state, one-parameter model that assumes equal rates of change between states. Lifehistory reconstructions were traced onto the Bayesian consensus tree, with outgroups beyond section Paralias pruned from the tree.
RESULTS
Our sampling within section Tithymalus included 31 species (c. 75% of the section) and 81 accessions (Appendix 1), which comprised all but four (E. correllii M.C.Johnst., E. eggersii Urb., E. georgiana Mayfield and E. longicornuta S.Watson, all very rare) of the New World species in the section. Ingroup sampling for each dataset was as follows: 22 species (59 accessions) for the nrITS, 29 species (78 accessions) for the plastid ndhF gene and 29 species (65 accessions) for the plastid spacer regions (note that the trnS-trnG and trnD-trnT regions were sequenced for only a subset of samples); 29 species (78 accessions) were sampled in the combined dataset (Table 1) . Euphorbia chiribensis V.W.Steinm. & Felger and E. furcillata Kunth were represented only by sequences from the trnH-psbA spacer region and were therefore not included in the combined dataset. Of the sequences analysed, 45 ITS, 58 ndhF, 65 trnH-psbA, 25 trnS-trnG and 25 trnD-trnT sequences were newly generated.
INDIVIDUAL AND COMBINED DATASETS
Summary statistics for the sequence data are provided in Table 1 . The ITS dataset contained the highest proportion of variable sites in this study (31.9%), followed by ndhF (12.1%) and the plastid DNA spacer regions (5.6%; note that this latter value is not directly comparable because sampling for the plastid DNA spacers did not include outgroups). Alignments of all three datasets were straightforward with no alignment-ambiguous sites. There were 57 indels scored for the plastid DNA regions (indels were not scored for the ITS dataset). Results of the ML phylogenetic analyses of the individual ITS, ndhF and plastid DNA spacer datasets (with all available accessions included for each region) are shown in the online supplement (Figs S1-S3). The monophyly of section Tithymalus is strongly supported by ML analyses of the ITS (BS = 100%; Fig. S1 ) and ndhF (BS = 100%; Fig. S2 ) datasets (the monophyly of the section could not be assessed based on the plastid DNA spacer dataset alone, as those regions were sequenced for ingroup samples only; Appendix 1; Fig.  S3 ).
The ML tree for the combined ITS + ndhF + plastid DNA spacer dataset (without scored indels) and the BI tree for the combined ITS + ndhF + plastid DNA spacer dataset (with scored indels included) are both congruent for most moderately or strongly supported nodes [BS ≥ 50; posterior probability (PP) ≥ 0.80] and are well-resolved overall (Figs 4, S4) . Section Tithymalus is strongly supported as monophyletic in both the ML and the BI analyses (BS = 100%; PP = 1). The major clades circumscribed from the analyses of the combined datasets (Figs 4, S4) were moderately to strongly supported in the ndhF tree ( Fig. S2) but were unsupported or only weakly supported in the individual ITS (Fig. S1 ) and plastid DNA spacer (Fig.  S3 ) gene trees.
PHYLOGENETIC STRUCTURE
In both the ML and the BI combined analyses, section Tithymalus was strongly supported as sister to section Paralias in subgenus Esula (BS = 100%; PP = 1; Figs 4, S4). The BI analysis recovered an early diverging grade of Old World species within section Tithymalus. This consisted of a clade of the perennial species, E. herniariifolia Willd. and E. isaurica M.S.Khan, which is sister to the rest of the section, with the widespread and weedy annual E. peplus sister to all of the New World species (PP = 1; Fig. 5 ). The ML analysis likewise recovered the Old World E. herniariifolia and E. isaurica clade as sister to the remainder of the section with strong support (BS = 100%; Fig. S4 ), but E. peplus was weakly supported as embedded in the New World clade (BS = 59%; Fig. S4 ).
Our results show that the New World clade is composed of two strongly supported main clades (Figs 4, S4) . The 'northern annual clade' (BS = 82%; PP = 1) contains eight annual species occurring throughout temperate forested regions of the United States and Canada and in prairie or rock-substrate habitats in the southern United States and northernmost Mexico. It is sister to a strongly supported (BS = 92%; PP = 1), diverse clade of both annual and perennial species that is in turn divided into three subgroups. Within this latter clade, the small 'southern annual clade' (BS = 100%; PP = 1) is composed of three annual species from prairies and chaparral in Texas and northern Mexico. The remaining species form two entirely perennial and mainly montane groups. The first of the perennial groups is the 'Brachycera clade' (BS = 74%; PP = 0.99) that consists of seven species from the southwestern United States and adjacent northern Mexico. The second group, here referred to as the 'Esuliformis clade', includes 14 species distributed primarily in Mexico and extending into Guatemala and Honduras, as well as on Hispaniola. In our phylogenetic analyses, this group consists of a strongly supported core clade (BS = 77%; PP = 0.99), with E. tuerckheimii Urb. weakly supported as sister to the core clade (BS < 50%; PP = 0.51) and one accession of E. orizabae Boiss. from Jalisco (Mexico) unresolved, forming a polytomy with the Esuliformis, Brachycera and southern annual clades. 
PHYLOGENETIC PATTERNS RELATIVE TO SPECIES
DELIMITATION
We used mainly morphological criteria to delimit species in section Tithymalus. Compared with other subgenera of Euphorbia, distinguishing characters between species are often more subtle, given the overall homogeneity of the sections of subgenus Esula. The annual species in the New World clade of section Tithymalus were generally more straightforward to circumscribe (even when differences between species were based on relatively few characters), whereas some members of the perennial clades tended to form complexes in which species boundaries were much less discrete (e.g. in the E. brachycera clade). We were also left with a residue of specimens that we could not place at this time with certainty; these are treated at the end of the Taxonomic Treatment as 'unplaced or possibly new entities' and we suggest that there will be additional taxa described in this section in the future.
Our phylogenetic results show that many of the annual species in section Tithymalus form discrete lineages, in which multiple accessions of species often form strongly supported clades (e.g. E. peplus, E. crenulata Engelm., E. ouachitana Mayfield and E. austrotexana Mayfield in Figs 4, S4) . In the two perennial groups, however, there was generally insufficient resolution in the tree to determine whether currently recognized species form exclusive lineages, such as in the E. brachycera-E. chamaesula-E. yaquiana species group and broadly across the Esuliformis clade.
ANCESTRAL STATE RECONSTRUCTION
ML reconstructions based on our Bayesian tree indicate that the annual habit probably evolved twice in section Tithymalus (Fig. 5) . The earliest diverging Old World members sampled in the phylogenetic analyses (E. herniariifolia and E. isaurica) are both perennial and the root node for the section was therefore reconstructed as perennial with high proportional likelihood (Node 1; 86%). The annual habit most probably evolved in the ancestor of E. peplus and the New World Tithymalus clade (Node 2; 70%) and was maintained in the northern annual clade (Nodes 3, 4; 72 and 100%, respectively). The reconstruction indicates a subsequent reversal to the perennial habit along the branch leading to the next major clade (Node 5; 99%) that was maintained in both the Brachycera clade (Node 6; 100%) and the Esuliformis clade (Node 7; 100%). A second origin of the annual habit probably evolved within this larger clade, along the branch leading to the southern annual clade (Node 8; 99%).
DISCUSSION
Euphorbia section Tithymalus is unique among the 21 sections of subgenus Esula in having greater species diversity in the New World than in the Old World. Our phylogenetic results now show convincingly that the 32 New World species of section Tithymalus form a strongly supported clade that is sister to the widespread, weedy E. peplus and these are in turn sister to other Old World members of the section (Fig. 4) . In the New World group of section Tithymalus, four main clades can be recognized, two consisting of annual species primarily from the eastern and central United States and north-eastern Mexico and two consisting of perennial species from the western United States south to Honduras and on the island of Hispaniola.
ARRIVAL AND DIVERSIFICATION IN THE NEW WORLD
Most Old World members of section Tithymalus occur in relatively arid habitats from the eastern Mediterranean region to Iran and the Arabian Peninsula. Euphorbia peplus is also considered native to Europe and the Mediterranean region but is now widely distributed in temperate areas throughout the world, probably through recent human activities. In the Bayesian tree (Fig. 4) , the New World members of section Tithymalus form a strongly supported clade, thus indicating a single origin from a presumably Old World ancestor. Age estimates suggest a late Miocene/ early Pliocene stem age of c. 5 Ma for the New World clade of section Tithymalus (J. W. Horn et al., unpubl. data) . Similar ages have also been estimated for the stem age of the New World E. spathulata species group and for the split of the Appalachian E. purpurea from its European relatives in section Helioscopia (J. W. Horn et al., unpubl. data) . These ages are much more recent than those found for most dated intercontinental disjunctions of the Arcto-Tertiary flora (Harris, Wen & Xiang, 2013) and might suggest a long-distance dispersal mechanism to explain the disjunction pattern. Alternatively, some recent fossil and molecular evidence suggests that the North Atlantic Land Bridge may have functioned as a viable corridor for plant migration into the latest Miocene (Denk, Grimsson & Zetter, 2010) and this may have facilitated the migration of European taxa into North America. A possible scenario for the appearance of section Tithymalus in North America could have involved the arrival of an annual ancestor allied to E. peplus in the lowlands of eastern North America followed by a southward and westward spread and diversification of the group. Both perennial clades have diversified in montane habitats in western North America and Mexico and the ancestor of the two Caribbean species could have arrived there from a common ancestor with the Mexican perennial species by long-distance dispersal. Hispaniola has the highest mountains (Pico Duarte reaches 3098 m) and the greatest extent of montane habitat of any island in the Caribbean, thus offering the best conditions for the establishment of montane elements in that region.
LIFE-HISTORY EVOLUTION
Euphorbia section Tithymalus contains both annual and perennial species and ancestral reconstructions suggest that multiple shifts in life history occurred in the section. The Old World members of the group are equally divided between annuals (E. chamaepeplus Boiss. & Gaill., E. hieroglyphica Coss. & Durieu ex Boiss., E. peplus and E. punctata Delile) and perennials (E. caudiculosa Boiss., E. herniariifolia, E. isaurica and E. promecocarpa Davis), whereas the New World species are predominantly perennial. Because the basal Old World members sampled in the phylogenetic analyses were perennial (E. herniariifolia and E. isaurica), the ancestral state for the section was reconstructed as perennial. The sister lineage to the New World clade in our Bayesian tree is the Old World annual E. peplus, however, and our character state reconstruction suggests that the annual habit evolved in the ancestor of E. peplus and the New World Tithymalus clade. A subsequent reversal to the perennial habit occurred in the New World lineage. Inclusion of the remaining Old World species in future phylogenetic studies and character state reconstructions, however, will be necessary to clarify lifehistory evolution further, especially in the earliestdiverging lineages of section Tithymalus.
Euphorbia section Tithymalus is another clear example of the lability of life-history evolution in the leafy spurges. Earlier sectional classifications in subgenus Esula relied heavily on the distinction between annual and perennial species, but they have proven to be largely incongruent with the evolutionary history of the group (Frajman & Schönswetter, 2011; Riina et al., 2013) . For example, Prokhanov (1949) included all annual species with bicornate nectary glands (e.g. E. exigua L., E. falcata L., E. medicaginea Boiss., E. peplus, E. sulcata Lens ex Loisel. and E. turczaninowii Kar. & Kir.) in section Cymatospermum (Prokh.) Prokh., but we now know that these species belong to five separate sections of Euphorbia. Similarly, Prokhanov restricted section Chamaebuxus Lázaro to perennial species with oval nectary glands and verrucose capsules, but Riina et al. (2013) showed those species to belong to a larger section Helioscopia that also has annual species embedded in it.
Our phylogenetic results show relatively high molecular differentiation among the New World annual species in section Tithymalus. Both the northern and the southern annual clades are strongly supported and relationships within the clades are mostly well resolved. As in some other groups (e.g. flowering plants in general: Smith & Donoghue, 2008; Veronica L.: Müller & Albach, 2010) , branch lengths in the annual clades of section Tithymalus are longer than those in the perennial clades (e.g. northern annual clade vs. Esuliformis clade in Fig. S4 ). Shorter generation times in the annual clades probably provided more opportunities for genetic changes/ mutations to occur (Smith & Donoghue, 2008) . In each of the two perennial clades, phylogenetic relationships are less resolved and there is poor differentiation in some of the species complexes (e.g. in E. brachycera Engelm. and E. esuliformis S.Schauer). In Lupinus L., Drummond et al. (2012) found that increased rates of diversification were strongly correlated with shifts to a perennial life history and invasion of montane habitats in western North America and Mexico. It is possible that a similar scenario has occurred in the two perennial clades in section Tithymalus.
CYTOLOGICAL OBSERVATIONS
The sister species to the New World clade of section Tithymalus, E. peplus, is well documented cytologically and is one of just two Old World species that have been studied thus far, with numerous counts of 2n = 16 (reviewed in Bauer, 1971) . The other Old World species that has been counted, E. herniariifolia, has two counts of 2n = 16 (Strid & Franzen, 1981; Franzen & Gustavsson, 1983) and one of 2n = 18 (Strid, 1983) . Perry (1943) considered x = 8 to be the base chromosome number for Euphorbia, although other low numbers of x = 6, 7, 9 and 10 have been recorded for the genus.
Among the New World members of the section, Mayfield (2013) reported two different chromosome numbers, 2n = 28 for E. brachycera, E. commutata Engelm. ex A. Gray, E. peplidion Engelm. and E. roemeriana Scheele versus 2n = 26 for E. austrotexana var. austrotexana, E. chamaesula, E. longicruris Scheele, E. aff. lurida Engelm., E. lurida Engelm., E. ouachitana and E. yaquiana Tidestr. These data indicate that the North American members of E. section Tithymalus are probably tetraploid derivatives of Old World ancestors, either from a now extinct ancestor with 2n = 14 or from an ancestor like E. peplus having 2n = 16, followed by subsequent aneuploid reduction in chromosome number. In the North American clade, the northern annual clade and the perennial Brachycera each have species with 2n = 28 and 2n = 26, which indicates that aneuploid losses or gains have occurred at least twice independently in that group. Given the hypotheses of phylogenetic rela-PHYLOGENY AND TAXONOMY OF TITHYMALUS 201 tionships generated by the molecular data, further cytological study of the remaining New and Old World species would be very promising.
NON-NATIVE LEAFY SPURGES IN NORTH AMERICA
In addition to the 32 native species, two non-native members of section Tithymalus have been recorded in North America. Most notably, E. peplus, the sister lineage to the New World clade of section Tithymalus, occurs as an introduced species in the New World. Unlike a number of other introduced members of subgenus Esula, however, it is not an aggressive invader of rangeland but typically occurs in gardens and waste places. The Old World native E. herniariifolia was collected once as a waif on an ore pile at the Port of Baltimore, Maryland (Reed, 1964) , but it has not been documented since. The capsules of E. peplus ( Fig. 3D ) and E. herniariifolia both possess distinctive, longitudinal crests or ridges that make these species easy to distinguish, whereas the capsules of all New World members of the section are smooth (e.g. Fig. 3H, J) .
Thirteen additional non-native species of leafy spurges from other sections of subgenus Esula have also become established in North America (Berry et al., in press ). These species represent eight different sections of subgenus Esula and none of the species is closely related to the New World clade of section Tithymalus. Most notable among them are several members of section Esula, including E. virgata Waldst. & Kit., a widely distributed invasive weed that has caused considerable concern among range managers in the United States and Canada (Watson, 1985) . Euphorbia virgata (leafy spurge) has been widely treated as E. esula L. in North America, but the latter is actually a distinct, non-weedy European species that has never been widespread in North America (Berry et al., in press) .
TAXONOMIC TREATMENT
This taxonomic review provides a much-improved understanding of the diversity in the group and points to the need for additional fieldwork in Mexico and the south-western United States to understand population-level variation better, especially in the perennial clades. In the treatment that follows, we provide a list of all species currently placed in section Tithymalus, together with distribution maps, a key, comprehensive synonymy, typification and phylogenetic placement for the New World species. Among the perennials, there are a number of specimens that are difficult to place to species and that may represent yet unrecognized species; these are discussed at the end of the treatment. Geltman et al. (2011) provided synonymy and type information for the species that occur in the United States and Canada. We include that information below along with updates. Because E. peplus is a common, garden weed in the New World, we include it in the key to species but not in the taxonomic treatment. Exsiccatae examined for this study and georeferenced to produce the distribution maps Annual, biennial or perennial herbs or subshrubs, glabrous, pubescent or rarely papillose. Stem leaves alternate, margin entire or rarely serrulate, venation pinnate, usually obscure (midrib usually prominent). Cyathia arranged in terminal pleiochasia; individual pleiochasial branches unbranched or two-to fourbranched at one or more successive nodes; bracts subtending pleiochasia (pleiochasial bracts) whorled, green, similar in shape and size to distal stem leaves or distinctly different; bracts on branches and subtending cyathia (dichasial and subcyathial bracts) opposite, free or partially connate; additional cymose branches often present in axils of distal leaves, but alternately arranged and not subtended by whorled bracts. Cyathial (involucral) glands four, oblong to crescent-shaped, margin entire or dentate/crenate, two horn-like appendages usually present. Capsule globose to oblong-ovoid, usually smooth or in some cases slightly puncticulate, glabrous or pubescent, cocci rounded or crested-winged. Seeds oblong to subovoid, pitted, sulcate, shallowly sculptured, or foveolate, rarely smooth, white, grey to brown, or mottled, carunculate. 2n = 16, 26, 28.
Included species (40, those included in the current or previous molecular phylogenetic studies are in bold) -E. austrotexana Mayfield, E. beamaniiE. orizabae Boiss., E. ouachitana Mayfield, E. peplidion Engelm., E. peplus L., E. pinkavana M.C.Johnst., E. promecocarpa Davis, E. punctata Delile, E. roemeriana Scheele, E. schizoloba Engelm., E. tetrapora Engelm., E. tuerckheimii Urb., E. yaquiana (Cockerell) Tidestr.
Distribution and habitat: Eight species (E. caudiculosa, E. chamaepeplus, E. herniariifolia, E. hieroglyphica, E. isaurica, E. peplus, E. promecocarpa and E. punctata) are native to the Old World, from the eastern Mediterranean region to the Arabian Peninsula and Iran. The weedy E. peplus is considered native to the Mediterranean region but is now widespread in temperate regions worldwide. The remaining 32 species in the section are native to the New World and are distributed from the United States and Canada south to Guatemala and Honduras and on Hispaniola. Many of the New World perennial species are restricted to montane habitats at relatively high elevations, whereas the annual species typically occur at lower elevations. Some species (e.g. E. brachycera and E. esuliformis) are widespread, whereas others are quite local and narrowly distributed (e.g. E. georgiana and E. cressoides).
Taxonomic remarks: Leafy spurges are rather homogeneous in aspect compared with the diverse array of growth forms and succulent species found in the other subgenera of Euphorbia and they can sometimes be difficult to distinguish. In section Tithymalus, one of the most useful characters to separate species is the difference of annual/biennial (Fig. 3C, I ) vs. perennial habit (Fig. 3A, E) . Life history is generally easily categorized in the group and is the first step in the key below. Vegetatively, most species in the section are glabrous, including all of the annual species. There are, however, a few perennial species that are characteristically densely hairy, such as E. cressoides, E. mcvaughiana, E. neilmulleri and E. yaquiana (Fig. 3A, B) . Another group of four perennial species [E. creberrima (Fig. 3E, F) , E. ivanjohnstonii, E. longicornuta and E. pinkavana] is characterized by short, papillose pubescence. Whereas most New World leafy spurges are fibrous-rooted, E. greggii is unique in the group in having discrete underground tubers. In terms of the cyathia, the majority of species in section Tithymalus have the typical, two-horned gland appendages that are prevalent in the subgenus (Fig. 3D, F -H, J, L). Several New World species [e.g. E. schizoloba, E. yaquiana (Fig. 3B ) and occasionally Figure 6 . Geographical distribution of Euphorbia austrotexana, E. commutata, E. crenulata and E. roemeriana in the USA and Canada. For these and successive figures, see the Taxonomic Treatment for overall range extensions and Appendix S1 for a spreadsheet containing all georeferenced specimens used to generate the maps.
E. brachycera and E. commutata (Fig. 3K ) to a limited extent], however, have dentate or crenate gland margins without evident horns.
Seed characters are especially useful for distinguishing some species in section Tithymalus ( Fig. 2 ; see key below). The seeds of all species in the group possess a caruncle, but differences in the size and shape of the caruncle are pronounced. Euphorbia isaurica, from arid parts of the Old World, has a massive caruncle about half the size of the seed itself (Fig. 2J) , whereas E. orizabae, from mesic forests of Mexico and Guatemala, has a small, almost vestigial caruncle (Fig. 2N) . Seed size and ornamentation also vary considerably. The size of the seeds varies by a factor of nearly two in the section, with small seeds typical among the annual species ( Fig. 2A-I , K-L) and larger seeds more common in the perennial species of the Brachycera clade (Fig. 2U-Y) . Perhaps the most distinctive feature of seeds from this section is the ornamentation of the seed coat. Euphorbia peplus, the sister species to the New World clade, has very different types of pitting on the dorsal and ventral sides of its seeds ( Fig. 2A) . This pattern of pitting is shared with other Old World species (e.g. E. isaurica; Fig. 2J ) and the New World E. peplidion (Morawetz et al., 2010) . Euphorbia nesomii and E. longicornuta (Fig. 2B, S) both show an intermediate degree of surface dimorphism between the dorsal and ventral faces. Euphorbia helleri (Fig. 2E) is unusual in its essentially smooth seed surface and E. orizabae, E. neilmulleri and E. tuerckheimii (Fig. 2N , T, M) are also quite smooth, with only faint sculpturing evident below the whitish surface layer. Other species such as E. austrotexana, E. georgiana and E. esuliformis (Fig. 2C , G, R) have seeds with deeply pitted or conspicuously reticulate surfaces. The seeds of E. ouachitana (Fig. 2H ) are distinctive with their lustrous brown surface that lacks the (Fig. 2N-Y (Fig. 9 ).
Phylogenetic placement: Brachycera clade.
Taxonomic remarks: Euphorbia chamaesula occurs on the high plains of the southwestern United States and northwestern Mexico. In contrast to the other perennial members of the Brachycera clade, E. chamaesula appears to flower later in the year, with the onset of summer monsoonal rains. Plants are usually taller than other species in the group, with longer leaves and larger fruits and seeds (Fig. 2Y) 
Distribution and habitat:
Known from the Sierra de Saguaribo in southern Sonora and in the Sierra Madre Occidental of Sinaloa and Durango, Mexico, in pine-oak forests, at 1400-2100 m elevation (Fig. 7) .
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia chiribensis was formerly known only from the type specimen in southern Sonora, but here we have identified two additional specimens belonging to the species from adjacent areas of the Sierra Madre Occidental in Sinaloa and Durango farther south. We were able to amplify and sequence only the trnH-psbA spacer for this species and in the ML analysis of the plastid DNA spacer dataset E. chiribensis was weakly placed with members of the Esuliformis clade (Fig. S3) . This is consistent with morphology as E. chiribensis is quite similar to narrow-leaved forms of E. esuliformis. The species is easily recognized by its distinctive linear, reflexed leaves and pleiochasial bracts. Geltman et al., 2011: 146 , GH!; isolectotypes, MO!, NY!).
Distribution and habitat:
Widespread throughout eastern North America from Florida to Alabama and north to Iowa, Wisconsin, Pennsylvania and southern Ontario, Canada, in forests, on bluffs, ledges and glades and along streams and rivers, 50-1000 m elevation (Fig. 6 ).
Phylogenetic placement: Northern annual clade.
Taxonomic remarks: Euphorbia commutata is the most widespread of the native New World annual species of section Tithymalus. It is closely related to E. crenulata from the western United States and together these two species form the basal lineage within the northern annual clade (Fig. 4) . Morphologically E. commutata is quite similar to E. ouachitana but can be distinguished from that species by its free dichasial bracts and white to grey seeds, vs. the PHYLOGENY AND TAXONOMY OF TITHYMALUS 213 partially connate bracts and dark brown lustrous seeds in E. ouachitana (Fig. 2L) . The two species apparently also differ in chromosome number, with E. commutata having 2n = 28 and E. ouachitana 2n = 26 (Mayfield, 2013 
Distribution and habitat:
Endemic to the Sierra Madre Occidental in Jalisco and probably western Zacatecas, Mexico, in oak-pine forests, 1800-2700 m elevation (Fig. 10 ).
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia creberrima is closely related to E. esuliformis but can be distinguished from that species by its distinctive, papillose indument on the leaves and upper portions of the stem.
Distribution and habitat:
Widespread in northern California and Oregon, less common in north-western New Mexico and south-western Colorado, in conifer forest borders, open shale outcrops and riverine thickets, 30-1800 m elevation (Fig. 6 ).
Phylogenetic placement: Northern annual clade.
Taxonomic remarks hypothesized that despite being an annual, E. crenulata may in fact be more closely related to members of the E. brachycera group, based on similarities in seed and leaf morphology with E. lurida. However, our results indicate that Norton (1900) was correct in proposing a close relationship with E. commutata, as shown in the Bayesian tree (Fig. 4) . 
Known only from the summit area of Sierra de Jimulco in south-western Coahuila, Mexico, in chaparral, 3000 m elevation (Fig. 8 ).
Phylogenetic placement: Brachycera clade.
Taxonomic remarks: Euphorbia cressoides is morphologically quite similar to E. mcvaughiana and is placed sister to that species in the phylogenetic tree (Fig. 4) . It can be distinguished from E. mcvaughiana by its more densely tomentose stems, shorter petioles and wider involucral glands. These two species are the only Mexican endemic members of the Brachycera clade. 
Haiti and the Dominican Republic, at the upper elevations of the Cordillera Central of Hispaniola in open and rocky sites, 1600-2300 m elevation (Fig. 11 ).
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia eggersii is one of two species of section Tithymalus native to Hispaniola; although unsampled in our analyses, it is presumably closely related to the Esuliformis clade, as indicated by the position of E. tuerckheimii in the Bayesian tree (Fig. 4) . Euphorbia eggersii generally occurs at slightly higher elevations and has generally smaller, rounder, more obtuse leaves and smoother seeds than E. tuerckheimii. 
Distribution and habitat:
Known from the states of Chiapas, Coahuila, Colima, Distrito Federal, Durango, Guanajuato, Hidalgo, Jalisco, Mexico, Michoacán, Nayarit, Nuevo León, Oaxaca, Puebla, Querétaro, San Luis Potosí, Tamaulipas, Tlaxcala and Zacatecas, Mexico and in the departments of Quiché and Huehuetenango, Guatemala and El Paraíso, Honduras, in dry to mesic montane forests and grasslands, 1300-3300 m elevation (Fig. 12 ).
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia esuliformis is one of the most widespread and morphologically variable species in section Tithymalus. The species occurs from northern Mexico south into Guatemala and Honduras. It displays a remarkable range in plant stature and leaf shape and size. Johnston (1975) described E. furcillata var. ribana as a distinct taxon that inhabited drier and generally lower habitats than more typical E. esuliformis (which he recognized as E. furcillata var. furcillata). These plants resemble the narrow-leaved forms of E. esuliformis that occur throughout its distribution and we place them here in synonymy. This widespread and variable species deserves critical study across its range. Mexico and Veracruz, in high montane habitats, 2900-3750(-4000) m elevation (Fig. 7) .
Taxonomic remarks: As delimited here, Euphorbia furcillata is a small-leaved species restricted to relatively high-elevation habitats in central Mexico. Johnston (1975) took a much broader view of the species and also included what we are now recognizing as E. esuliformis. We were able to amplify and sequence only the trnH-psbA spacer for this species and in the analysis of the plastid DNA spacer dataset E. furcillata was placed in the Esuliformis clade with weak support (Fig. S3) (Fig. 13 ).
Taxonomic remarks: Euphorbia georgiana is a newly described species that is restricted to granitic outcrops in the Piedmont Province of Georgia, to where it is most probably endemic (Mayfield, 2013) . It is similar to E. austrotexana but has larger seeds that are much more deeply pitted (Fig. 2G ) and leaves that are oblanceolate instead of linear-oblanceolate to linear. It is quite distinct from the more robust, biennial E. commutata, the only other closely related species that occurs in the area. 
Distribution and habitat:
Known from north-eastern Mexico in the states of Coahuila, Nuevo León, Tamaulipas and San Luis Potosí, in oak forests on limestone and gypsum, 720-2100 m elevation (Fig. 7) .
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia greggii grows on mesic slopes in otherwise rather dry montane forests on limestone and on open gypsum outcrops. The species has distinctive rounded tubers at the ends of long, wiry, underground stems/roots, a character that has not been previously documented and that is not shared with any other species in section Tithymalus. When growing on gypsum, the underground portions of the stem become thickened and subligneous. The leaves vary from linear to orbicular and the bracts at the base of the rays often differ greatly in length and shape within the same inflorescence. Johnston (1975) interpreted E. greggii as a wide-leaved variety or synonym of E. brachycera, occurring further north and west than we map it here (Fig. 7) . Our understanding of the tuberous-rooted E. greggii places it south and mostly east of Saltillo, Coahuila, whereas E. brachycera is only found west and north of there. (Fig. 14) . Phylogenetic placement: Southern annual clade.
Taxonomic remarks: Euphorbia helleri is most easily recognized by its smooth, white to light grey seeds that lack any kind of ornamentation (Fig. 2E) . It is part of a strongly supported clade that includes two other annual species, E. nesomii and E. peplidion. Euphorbia helleri was reported by Thomas & Allen (1996) (Fig. 10 ).
Taxonomic remarks: Johnston (1975) proposed that E. ivanjohnstonii was presumably closely related to E. brachycera but that it differed in its distinctive indument. When Turner (2011a) described E. ivanjohnstonii f. longifolia as a distinct taxon, however, he hypothesized a close relationship between E. ivan- 
Distribution and habitat:
Endemic to Nuevo León and Coahuila, Mexico, on montane slopes, 1500-3400 m (Fig. 10 ).
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia longicornuta was described from the Sierra de la Silla, on the eastern edge of the city of Monterrey in northern Nuevo León, Mexico. The specimens from the type locality have long horns on the cyathial glands (hence the specific epithet) and also small leaves. Turner (2011a) included a second collection under this species from the nearby Sierra de la Marta (Nuevo León), based on the geographical proximity of the specimen, overall similarity and papillose stems. We add here a third specimen from the Sierra San José de los Nuncios (adjacent Coahuila). Both of these collections have leaves that are slightly larger and gland horns that are somewhat shorter than the type. (Fig. 13 ).
Phylogenetic placement: Northern annual clade.
Taxonomic remarks: Euphorbia longicruris is quite similar to the other small, annual members of section Tithymalus in the south-central United States but can be best distinguished from those species by its imbricate dichasial bracts that form little tufts of overlapping leaves at the ends of the pleiochasial branches. It is closely related to the newly described E. austrotexana (Fig. 4) (Baja California) , in open pine-oak forests, dry slopes and canyons, 1300-2800 m elevation (Fig. 9 ).
Phylogenetic placement: Brachycera clade. (Fig. 14) .
Phylogenetic placement: Southern annual clade.
Taxonomic remarks: Euphorbia peplidion forms part of a strongly supported clade with two other annual species, E. helleri and E. nesomii. This species has seeds that are similar to the European E. peplus (Morawetz et al., 2010 (Fig. 6 ).
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Taxonomic remarks: Correll & Johnston (1970) Distribution and habitat: Arizona, California and Nevada, in desert canyons and on protected rock ledges, 500-1800 m elevation (Fig. 9 ).
Phylogenetic placement: Brachycera clade. 
Distribution and habitat:
Known from the Dominican Republic, in openings of pine and mixed forest in the mountains of the Cordillera Central and Sierra de Bahoruco, 1200-2000 m elevation (Fig. 11 ).
Phylogenetic placement: Esuliformis clade.
Taxonomic remarks: Euphorbia tuerckheimii is one of only two native species of section Tithymalus that occur on Hispaniola. It differs from E. eggersii in its more lanceolate, sharply acute leaves. This species is weakly supported as sister to the other members of the Esuliformis clade in the Bayesian tree (Fig. 4) Distribution and habitat: Sky island mountains and canyons of southern Arizona, in ponderosa pine forests, oak-pine mixed forests, along creek banks and dry stream beds, 1000-2200 m elevation (Fig. 9 ).
Taxonomic remarks: Euphorbia yaquiana is a perennial species in the E. brachycera group that is endemic to Pima and Graham Counties in southern Arizona. This species appears to comprise a densely pubescent set of southern populations with crenate gland margins that is closely related to E. brachycera and E. chamaesula. At this time, the species is only known to occur in the Santa Catalina and Pinaleno Mountains.
UNPLACED OR POSSIBLY NEW ENTITIES
During the course of this study, it became clear that a number of Mexican specimens belonging to section Tithymalus do not fit well in any previously described species. Below we list and discuss nine distinct groups of specimens that we were unable to clearly place in our taxonomic treatment. For each of them, we indicate the species they most closely resemble. It is probable that at least some of these groups represent new species and we hope that clarifying our current understanding of this diversity will advance work on the group. We encourage others to actively seek out these plants in the field and herbarium and to critically evaluate them. Leafy spurges are generally undercollected and increased collections in the floristically diverse area of northern and central Mexico are critical to furthering our understanding of the taxonomy and evolution of this group. Euphorbia sp. 1 (aff. E. furcillata). This entity is represented by several collections from the states of Jalisco and Michoacán. The plants arise from thin, wiry stems and appear to be most similar to E. furcillata. They differ, however, in their longer, lanceolate to lance-elliptical leaves. These populations are separated from the main range of E. furcillata by around 300 km. Figure S4 . Maximum-likelihood phylogram from RAxML analysis of the combined ITS + ndhF + plastid DNA spacer dataset (without scored indels) of Euphorbia section Tithymalus and outgroups. Maximum-likelihood bootstrap values (≥ 50%) are indicated. The scale bar indicates the mean number of nucleotide substitutions per site. Appendix S1. Herbarium specimens and associated specimen data examined during the course of this study. Georeferenced specimens in this table are the basis for the distribution maps in the article.
